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HIGH-TEMPERATURE DIELECTRIC MEASUREMENTS ON RADOME

CERAMICS IN THE MICROWAVE REGION

by
W.DB. Westphal

Laboratory for Insulation Research
Massachusetts Institute of Technology

Cambridge, Massachusetts

Abstract: The dielectric constant and loss of certain ceramics have been
measured up to peak temperatures ranging from 500° to 1200°C with
a view of the possible use of some of them as radome materials.
Their characteristics are compared with those of certain glasses and
crystals. Two main types of loss appear: conduction loss increasing
exponentially with temperature, and absorptions centered in the
infrared which prove to be nearly temperature-independent at micro-
wave frequencies at temperatures below the softening range. Both
losses depend on chemical purity, but quantitative interrelation has
not been established. A high-purity alumina ceramic having «' = 9.32
and tan & = 0.00015 at 25°C with changes to 10.4 and 0.0011 at 1200°C
and 50 kMc proved to be outstanding as a low-loss material. Some
special techniques using the standing wave method in shorted wave-

guides are discussed briefly.

The eleclrical properties desired for most high-temperature radomes
are moderately low loss (tan 6 < 0.01) and a dielectric constant which de-
creases slightly with temperature in order to iuaiiain constant electrical
wall thickness. Since the wall thickness is often a half wave length, the

dielectric constant shouiu be low for higher frequencies.



The materials that might satisfy the electrical requirements are mostly
inorganic oxides, and their number is not large (BeO, di'amon>d, MgO, Al 203

§i0,, CaQ, MgSi0;, Z2rQ, are some examples).

Measurement Procedure
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All measurements in the mitruwave I€gion Werd

standing-wave method in shorted lines.l) Typical sample s;zes for various
‘frquency range;s are given in Tables Irénd 2. The main features of a heated
sample holder (Fiﬂg. 1) are a:'wat.e'r-cooled-junction to the standing-wave 7
indicator, a thin -walled neck'vfor therﬁal”iéoiatioﬁ,r and the heated line section

, conta.mmg the sample. Holders for use ® up to 550 C were made of fine silver

thh a silver soldered short' eolid sxlver can serve to 850°C. At higher
temperatures a holder _bored‘:‘from platinum rod was used.
Each holder is calibrated in node shift vs. rt»emper.ature. Accurate

measurements involve knowlédge of the thermal expansion of sample and

holder materials so that corrections for sample clearance and change in cutoff

. 'vavelength ¢an be made. These two corr‘ectioné tenid to cancel each other
and were nof required for the‘measurer'nent data _showr'x‘ here. The resuning
er-or limit in dielectric constant measurements 1s approximately 2% at :00
3% at 800° and 5% at 1200°C for the materials shown,

Work is in progress toc make accurate measureme;mts of the temperature
coefficient of x' on fused Si0, and ceramicv Al,0,. The accuracy of loss
measurements varies with frequency and temperature from 5 percent or
.0.00003 (whichever is larger) at room temperature and 3600 Mc, to 30% or

C.00Ns at 1200°C and 50,000 Mc,

1) Cf. W.B. Westphal, "Permittivity in Distriouted Circuits" in ""Dielectric
Materials and Applications, ' A.R. von Hippe!, Ed., Wilay and Sons,
New York, 1954, p. 63,
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Table . Frequency and temperature ranges.

Sample | Samplé o -
No. 7 No.

1 10% t0 107 eycles to 500°C 4 | 8.6x107 cycles to 500°C
1 108 " room temperature only 5 1.431010 " to SOQOC
R _ . '

Sz st "~ limit not yet established| 6 | 2.4x10'0 v 10 800°C
3 1x107 " to 500°C 7 5x101C " to 1200°C
3 33109 - o to.SOOOC",_ e 8 | d-c resistivity, 1200°C

Table 2, © P.;'_e,ferrfe'dr samples for low-loss materials.

Sample| Shape Diameter Thickness or length in inches
No. ) -p | in inches for <'z4 x'z6  x'=8 <'=l0
1 Disk 1.5 to 2.00 (faces| Thickness 0.12 0.18 0.24 ,0,30

: plane, parallel to| 20% tolerance S
0.002 in.) ' R ‘
2 Disk 1.0+0.1 Thickness  0.08 0.12 0.15 0.18
) - “20% tolerance
3 Coaxial tube | o.d: 0.999+0.001 | Length 1.48 1.20 1.04 0.93
" (may consist| ., N 10% tolerance
_of stacked Id . 3761Jf OQ}' -
: washers)
4 Cylinder 0.999+0. 001 ' Length 1.00 0.77 0.64 0.56
R 5% tolerance - ,
5 Cylinder 0.624+0.0005 Length 0.574 0.455 0.39 0.344

r - 5% tolerance

6 Cylinder 0.374 +0.0005 | Length 0.35 0.277 0.236 0.2l
5% tolerance :
7 Cylinder 0.1712+0., 0003 Length 0.164 0.1330.113 0.100
- = 5% tolerance
8 Rod, round /8 to 3/8 in. Length indepencent of &'
or square L +1/8in.
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Longitudinal section of circular, high-temperature sample

holders. Typical dimensions are as follows:

Nominal frequency 8.6xl0

Inside length

Length heated
.Length of neck
Neck thickness

Wall thickness

mEUowy

Inside diameter

9

15.0 em
10.0 cm
3.6 cm
0.030 in.
1/8 in.
1.C in.

1, 4x10%°

7 em
4.2 cm
2.1 cm
0,012 in.
1/8 in,
5/8 in.

,’\ Thermoccuple

2g4,x1010
5.3 cm
3.6 crn
1.0 em
0.010 in.
1/1¢& in,
3/8 in.

5x1010

3.1em
2.4 cm
0.8 cm
0.008 in.
1/16 in.
11/64 in.
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_which readily hy_drbl‘yzé. The periclase (high temperature).phdse of MgO

Be

t

.

Materials Inve stigated

ae114
adave

abture in the presence of water vapor to poisonous Be(OH)Z. Figure 2 taken

on a porous ceramic body show.s‘the low dielectric constant (4.4) and moderate

loss tangent, Complete drying 7redu;ev.s the loss to less tha.n 0.0005 over the

entire,frequency range. - | |
Diamond with :1ts st:l‘.éng'covaleht bonding may be ideal electr,i;:ally over

a wide rtempera'ture '-‘ijange'. 'Unfort{mately, the measurements

limited (x

r -
= 5,68, g%—: +1x10 5_ per oC);

Both magnesiufn oxide and calcium oxide have low temperature forms

s ot/ _ 25°C

4.5 '

4.0t i -

3.5 L l t I | ] ]

o tan 3

|Q'2—— S——

IO'SE‘

o Lo I I SR 1 I

o' 102 10 0% 10% 108 107 108 10° 10 10

| Frequency (cps) o
£ig. 2. Dielectric constant and loss tangent vs., frequency for beryllium

oxide ceramic {Norton Co.) at room temperature.

um cxide is not promising because it hydrolyzes at high temper-

™

2) made are very

o A DT R G TR e Tt e

2) S. Whitehead and W. Hackett, Proc. Phys. Soc. (London) 51, 173 (1939);

P.T. Narasimhan, ibid. 68B, 315 (1955).
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Fig. 6. Volume conductivity vs. frequency of higa-purity alumina
ceramic (Kearfott Co.) for two temperatures.
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should be excellent. In Fig. 3 the dielectric constant and 10ss of a synthetic
single crystal is shown. The conductivity (calculated at 100 cps from

! .
¢ we :—- tan & is much lower than values reported in the literature. 3
o ,

Synthetic white sapﬁ;i‘re (A1203) has dielectric constants of 9.53 and

1. 5?; meaéﬁred L and || to vti'xe optic axis, respectively. Figure 4 shows high-
temper'a'tur.e data on a crystal. Alumma ceramics are common; diglectric
constant and loss ona high-purity material are shown in Fxg 5. The volume
conductivity plotted for two different tgmpgrhtures (Fig. 6) serves to emphé- ‘
 size the fact that' thé microwave loss is not due tc conduction, as itis in the: :
low'frequency rahge‘. The decreasing loss téngent with tevmperaturé at 1010

v,cy,cle’s may be.due to moisture loss.

Data on a commercial high a.lprxiiha bvo"‘dy (Fig. 7>)7 Wsiho‘& that the low

frequency'loss at high temperatures is about SO»fimes'iar’gez’- and the 10, 000 Mc

loss about 20 times larger tha.n for the high-purity materxal The chemical
analysis 1nd1cates that 1on1zed C.'-.I(OI-I)2 that may be present xs respons1ble foi-
its higher loss; perhaés a.lso the firing temperature in the n'*a'mfacture was
too low and some of the MgO is not ir: the penclase form. Figure 8 shows
data on a commercial alumma-muxhte (3 A1203- 2 5103). Data on about 30
~ other a}umina bydies will be given in the fo‘rthcoming”Tables of Dielectric
Materials, volumé V. . S :
gﬁe_d__s_gii:f) has a low dielectric constant (3,78) and tempeféture
coefficient (3x10-5): dielectric constant and loss:-have‘b'een measured on
material from two sources (Figs. 9 and 10).

It is well known that the addition of impurity ions causes large increases

in the low-frequency conductivity, especially for small ions which can move

3) A. Lempicki, Proc. Phys. Soc. (London) 66B, 281(1953); E. Yamaka and
K. Sawamoto, Phys. Rev. 95, 848 (1954).

4) I.P. Pérez, Ann. phys. [12] 7, 238 (1952).
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" Fig..8. Dielectric constant and loss tangent of alumina-mullite” . 77 o a

body (No. 7873, Frenchtown Porcelain Co.) at 109 cpsy
: easﬂy through the silicon- oxygen networ ) ‘.The microwave 1055 may be
~caused by wbratmns of ]oosply bound alkah 1ons in the1r oxygen sur roundmgs.
Thxs lossﬁ is pract1ca.lly not changed w1th temperature until the softening region.
—-is reached. M*rrowave data on a group of silica glasses (Fig. 11) md1cate

that this _oss progreSSWely mcreases from a l1th1um to a sodium to a

potassium glass as one would expect when the vibration frequency moves with

increasing mass of the cation to iower frequency. Rubidium oxide does not
form a stable glass phase and shows a lower loss. ‘ -
As has been previously stated, CaO reacts with moisture readily and

no commercial ceramics are made of this oxide. Scandium oxide and

vanadium oxide are probably not as tanermally stable as MgO or A.1‘203. but

offer promise of usefulness, No data are available., Titanium dioxide in

5) Cf. J.M. Stevels, Philips Tech. Rev, _12, 360 (1952).
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Frequency = 1x10' cps

| €/¢€
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- -0.08
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- tand |

002

0.0l

L

|
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100

200 300
Temperature °C

400

500

Fig. 11. Dielectric constant and loss tangent vs. temperature of a group

of alkali-silica glasses (Lab. Ins. Res.) at 1010 cps.
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Fig. 14. Dielectric constant and loss tangent vs. frequency for a low loss
steatite (F-66, 60% talc, 15% kaolin, 17.5% BaCO., 7.5% MgCO;,
Bell Telephone Labs.) at various temperatures.
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rutile form has a high dielectric constant (ca, 100) and tends to reduce easily
to a highly'conductive' form. 6) ts negative temperature coefficient is useful

in mixes with other oxides,

Commercial zirconium oxide bodies vary over a wide range. Figure 12
gives the data for one of the lowest loss materials.

Calcium silicate (wollastonite) in commercial quality is shown in

Fig. 13, . o

Magnesium silicate is one of t'hemmain ingredients in'commercial '
steatite bodies. The dielectric coﬁstant and 1055 vs, frequency (Fig. "14') and

vs. temperature (Fzg. 15) are given for one of the best grades of tbls materla.l.

(SQIid lines, Fig. 16). This material apparently reacts with water at high
" temperatures, The samples are not isotropic since the‘gdireCtion-of——crystal :

growth is influenced by high forming pressure.

An_alloy of boron nitride é.nd,silicon nitride pi‘oyed to have fairly-high - — -

lo'g;'s and the dielectric constant \;as decreased after the temperature run,
as _.i'r_xdic‘ate'd in Fig. 17. | | |
A sample of one_of the ne.wertw_-_-@'_c_:_g combinations was cut froi;n
. a'circ'ular rod}or rﬁé_asuringA as g_‘funrcrtivon of temperature (Fig. 18). The
sample cross section became increasi..gly elliptic, ‘hence measurements
were not made above ca. 400°C.-

Bl
4

Conclusions
" The electrical performance of all materials tested would be satis-
factory for radome use up to our highest measuring temperature. High-

purity alumina bodies offer the possiblity of satisfactory operation above

€) A. von Hippel et al., Report No. 540, Oct., 1943, N.D.R.C. Div, 14,
Contract QEMsv-191l, l.ab. Ins. Res., Mass. Inst. Tech.
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1200°C. The need for a further extension of our measurement range to still

higher temperatures is indicated.
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A 50-kMc DIELECTROMETER

by
Nl El‘ Dye
- Laboratory for Insulation Research
Massachusetts Institute of Technology

Cambridge, Massachusetts

: Abstract: A dielectrometer, using the standing-wave method with circular
wave guide, has been developed which permits measurements of the

} vcompl_ek 'per'mit‘tivvity. and permeability of materials at 50 kMc. The

instrument is capable of measuring relative dielectric constants =

from 1 to 100 and loss tangents as low as 0.0001. Only small samples

are required and measurements can.be made over a wide temperature .

" range up to 1200°C. o

~ Special developmental pi;obl"e'nff\s c.o'zi'c.er'ﬁ{n"g the cryastal "éﬁ"t:‘fe'ctor;‘*
slotted section, and prébe are discussed in detail. Typical dielectric

measurements on various samples are appended,

blniroductioh

The basié;‘fr'heory of the standing-wave method for measuring dielectric

propert_ies of materials, as d'.‘é{/eic.p‘ed by the Laboratory for Insulation Re-

serach, ) is well-known, and its application in the microwave range of the

57:‘
=
S
PN

frequency spectrum has been described in detail, 2)
When a sampl'é isvplaced in a shorted section of wave gdide, the nod;as
, of th'é standing-wave pattern are shifted and broadened, Measurement of these
g changes allows caléulation of the relative dielectric constant %' and the loss
3 1) s. Roberts and A. von Hippel, J. Appl. Phys. 17, 610 (1946).
:3 2) W.B. Westphal in "Dieleciric Materials and Applications, " A.R. von
*® Hippel, Ed., Wiley and Sons, New York, 1954, pp. 63-122.
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~tangent, tan 9, of the material, provided the guibde wave lengih kg' cutof%

wave length '\c and length of sample d are known, The basic equations are

. 2
' X N ¥
. (:%) 7 (89
n‘a-—;;= (XZ ' (1)
s)

where the phase consta.nt 52 of the sample is found b\, graphical solution of the

'S

; transcendental equatmn _

tan p,d N 2mwx -

with X the distance from sample surface to the first minimum.

The loss tangent is calculated ast

- B,d (4 + tan? B,d ) - tan'd,d
where Ax is the node width, the distance between points:’of twice minimum

The principal components of a dielectrometer are shown in Fig. 1.  Its
central feature is the standing'-'w'aver indicator (henceforth abbreviated SWI),
consisting of 2 slotted section of wave guide and a traveling detector. The
associated equipment (square-wave modulator, tuned amplifier, and necessary

power supplies) are conventional in design and will not be discussed further.

Mechanically, the indicator must provide rectilinear motion of the probe -

along the slot together with precise measurements of this motion to an accu-
racy of at least 10-3 mm. Electrically, the indicator must be so designed that

the introductinn of slot and probe into the wave guide will produce a negligible

i
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z 2000~ |
* - Reflex | square = ! o
klystron mogal\i:ioﬂ Input shorting plunger
E T with c0upl|ng loop
] 4 Slotted section [i:ii ‘/ Removable short
i Salaiialius . -circular guide- :
; /u—~_-—--"-: o - [&%—Sample |
5 Coax cable S , —
: ,, «+» Probe cssembly 2000 ~

Crystal — - tuned

Coax to wovegunde ~ L-_El CRecfcngulcr
Transi‘rlon sechon gu|de

Fig. 1. Typical microwﬁve diele’ctromet\er'.

effect on the field pattern.

Vet Y TEM QU630 Wl » V-0 AV L0 T Dt L 5
|

-QOther reqmrements for a sat1s£actory SWI are: provisions for tuning

i the wave guide secuon to resonanée, a remOVable sample ‘holder,” an ad_]ust-
§ | ment for- probe dept,h p::obe tunmg dewces, and a detector

' ‘The 50-kMc Standing-Wave Indicator,

§ _The standmg wave 1ﬁd£éator ) for use at 50 ko (Fxgs. 2, 3a a.nd b)

consists of two principal parts, a wave guide block a.nd a probe carriage, both
made of copper. In therbléck is a cifcular wave guide containing a 6-mil siot - - :
slightly longer than one guide wave length.” An input plunger with a magnetic.
coupling loop is élaced in one end and a femovable sample holder is attached |
" to the other end of the guide. The probe carriage contains a l. , 5-mil probe in

a probe holder, the probe and holder being msalated from the carrxaga by

hlesr o FY0e VWP ¥ BUAMFURETISAA RIWARY Uit SRR RERINY T N (- &1 )y

Teflon beads. The holder is also part of a coax-to-wave-guide transition

3) N.E. Dye, ""A Standing-Wave Indicator for Dielectric Measurements at

50 kMc, " S. M. Thesis, E.E Department, Mass. Inst. Tech., 1955,
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section built into the top of the probe carriage. Signals picked up by the probe

travel along tne coaxial cable into the rectangular guide, and finally to'a crys-

“tal detector.,. Both sample bicck and p'z'-ober carriage contain slots that together

form a noncontacting probe shield (Fig. 3b).

Essentxally the 50 ko SWIis a scaled- down version of lower frequency

- models. Its unique features, dxscuss=d in the tollowing paragraphs, arise from

the adaptation of known principles to higher frequencies,

| Frequency Source and Input Plunger

jA'reflex klystron (Raytheon QK 294) serves as a primary source of the

50-kMc energy. The QK 29+ is rated for §-mw maximum output with average

- outputs of 3. mw, ",I‘his output power, available in a :_e:tang,ular'wave guide, is

coupled to a miniature coaxial cable (Amphexiaiol RG 174/U or M‘icrodot) by a
pro;be-type.transition section. The cable is ‘terminrated in a loose-coupled mag-
netic loop located in the face of a noncontac‘tihg circular short‘mg plunger. Itis

preferable to use miniature cable with Teflon dieleciric a.nd solid center con-

' 'ductor' these features facuxtate ‘construction of the loop which is made by -

bending the center conductor over a small rod, then soldering to a silver sleeve
that has been attached to the breided shield., The sleeve is then press-fitied in-
to f.hé face of the shofting piunger. A'tyi{i’caﬁl lep is 13 to 20 mils in radius
(Fig. 4). The locse coupling, together with the lossy propertice of the coaxizl
cable.eliminaters the neced fo: an isolating attenuator in the oscillator output,
Such an a‘t‘tenuator is normally reguired to prevent impedance changes in the
SWI from affecting the frequency cf the reflex klystron. Accurate positioning
of the shorting plunger is achieved by a spring-loaded micrometer,

Pickup Probe

Probes as small as 1| mil in diameter were made with a length of 0.1 in.,

which permits & maximum probe depth equal to the radius of the guide. In order
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ing the probe end rohfrthe wire. It is

-7 -

to achieve rigidity with such small
dimensions, tungsten wire was uged.
The wire was gold plated to improve

its conductivity and to permit s.older-y
NON-CONTACTING -

SHORT

ing into the probe holder (a silver

tube 17 rils o0,d.; 5 mils i.d.).
The best results have been

achieved when the tungsten wire was’

pulled through the silver tube (al-

ready pr‘lacAecilr in t\ﬁefrérobé ca'rArikage) ) o o ‘
T T Fig. 4. Enlarged view of input loorp.'
and soldered in place without touch- : ; :

idifficult.‘t'o straigh}ten the tungsten once it has been bent; hence, extfeme care

;'nust'be exercised in the eoldering pfocess. In general, tﬁe probe will stand
off center in the silver tube, THhis is not a serious problem b_ecause’the'prfobe'
holder can be rotated until precise lateral centering of the probe in the car’-
riage is Vachi‘eved. However, it is important that the probe be perpendiéular to
the é.xis of the wave guide, i.e., perpendicular to the bottom face of the probe
carriage. The probe is approximately‘s times as wide as a typical node in the
empty guide. Thus the rreasurement of node width is really an averaging
process, the accuracy of which depends on the straightﬁessi and perpendicularity
of the probe. (It has not been shown mathematic'ally that node widihs can actually
be measured using a probe which is wider than the node. However, no adverse
effects have beer ~oticed in measurements at 3, 10, and 25 kMc under similar
conditions,)

The assembly and adjustment of the probe in the carriage block requires

the use of a low power microscope (18 to 100X). A microphotograph of an
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actual probe and holder in the
‘carriage block is shown in
Fig. 5.

It has been found that
the p:obe-shield choke, shown
in Fig. 5, in addition to the
main’}::robe shield shown in

Fig. 3b, is necessary to re=

duce rédiation from the

probe. -~ Fig. 5. Probe and pf'ober holder
e —..... . emerging from probe
Crystal Detector carriage. _

" Commercial crystals -
(IN53's) proved to be too
insensitive for use with the
50-kMc SWI; hence, a built-intc-wave guide’ typé crystal was developed. A

cross-sectional view (Fig. 6) and an exploded view (Fig. 7) show the general ..

construction of the detector which 1s similar to designs used by other research -

groups.4' 5)- A éilicon slab is mounted flush with the inside wall {broad face) of
a rectangular guide. The post supporting the silicon is ingulated for low fre-.
querncies while being a part of the high frequency by-pass capacitor. The small
size of the silicon slab (20 mii dia., 10 mil thick) reduces ohmic losses and

permits a small opening in the wave-guide wall. A pointed tungsten wire is

4) W.C. King and W. Gordy, Phys. Rev. 93, 407 (1954); J. A. Klemn, J.H.R.
loubser, A.H. Nethercot, Jr., and C.H. Townes, Rev. Sci. Instr. 23,
78 (1952).

5) C.M. Johnsen, D.M. Slager, and D.D. King, Rev. Sci. Instr. 25, 21 (1954).
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Shell for cat-whisker
adjustment mechanism

Compression nut for
locking cot-whisker

Compression spring odjustment

Cat-whisker chuck

~Non-¢ontacting I,E'
shorting plunger

Silicon slab soldered &
to copper support

!1\

RF by-pass
capacitor

N

UJ.!? connector

"D-c"output —

{— Amphenol 27-8

Fig. 6. Cross-sectional view of millimeter crystal detector.
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whisker' toc optimum pressure, while low-

conditions,

- 10 -

passed through the opposite wall of the guide - S
C l— 0.017 —>| 7

and lowered to the surface of the silicon. S ~
Figure 8 shows a crystal with the 'cat-
whisker' in place., A differential screw

mechanism permits adjustment of the ''cat-

level 50-kMc energy is impressed on the
N A TS
crystal; in this way, the crystal is tuned for SILICON -
, ' SLAB
maximum output under typical operating St

—._.The uniqne feature of the crystail

Fig, 8. Silicon, point-con-
tact rectifier with

. . ~~e il
- cat-whisker in place,

mount is its versaiility; both the "cat-
whisker' and the silicon slab may be
changed readily, Because the crystal

holder has to be mounted off center on the probe carriage, it must be light in

“weight; hence the whisker adjustment mechanism was sv designed that it could

be removed after use.

The '"cat-whiskers, ' like the probe, were made from gold plated, tungsten
wire (1, 1.5, and 2 mils dia,), After shaping the wire in a simple jig, it was
soldered into a éi‘-ver tﬁbiﬁg (17 mils o.d.)., This tubing, in turn, is held_in the
crystal mount by a chuck (Figs., 6 and 7). The various steps in constructing a
rcat-whisker' are shown in Fig. 9. After soldering, the gold piating on the
straight sortion of the tungsten wire was dissolved in conceﬁtrated hydrochloric
acid (by applying a small d-c voltage). Finally, the wire was etched electro-
lytically to a point by a 10 M KOH sclution. Variations in angle and sharpness
of the point can be achieved at will by varying the voltage and length of exposure,

From tha srandpoint of maximum sensitivity of the crystal detector, the

PP P o

L el

LA T

I T | E R R PR

JPRE 1 TP PR

k'l

Ol TR e il 2 LI

SR 78 SR R P PV NS T




,’;r;;;q}'\?ﬁf.‘f""f‘»a-pjm:jf“;‘,‘jh"} e :,“‘]ll“"”éi"‘ a\ms‘ i

reow B

y
&l

"‘,2‘;:.'..._”:,‘ s X

)
’ “lh:; “’»

(M EL

: s v

L o

|
IR At

B

e

P

|

PR e St

~ gy v

At

2N

BT

g St

AL ﬁ..‘

most satisfactory points are extremely sharp:
the radius of the end is ca. 1/30 that of the
wire. This is somewhat sharper than the

points used in commercial IN53 éry;tals'

- (Fig. 10).

-Qur silicon-crystals with-sharp pointed
tungsten .wire, properly adjusted, gave‘VOltagé

outputs at least 10 times greater {power out-

" puts 100 times greater) than the best IN53's

»

: bcommercially, available._?‘ 6) Actuil conver-

sion figures were difficult to obtain because

there are at present no accurate means of

- measuring the RF powér incident on the crys-

tal. For an input of approximately 3w an

b
!

Fig. 9.

~z27 3 Nq7

Steps in constructing a
cat-whiskeri(l) tung-
sten wire is gold-plated;
(2) then bent to desired

“shape using single or

double bend; (3) the wire

-is soldered into a silver

tube; and (4) etched to a
.sharp point, -

output of 4.5 puw was measured with our crystals, as compared to an output of

e 0.04 ppw for the IN53 crystals, Burn- -

IN83 3
POINT

Fig. 10. Comparison of cat-
whisker pcints,

measured.,

out current and noise figure were not

The high-gain crystaks are con-

decisive.

siderabiy less stable than the IN53's,
They are fragilé, will not stand sudden
shocks, and generally lose some of
their sensitivity with timhe, However,
in our use as detectors in the 50-kMc

dielectrometer, these factors are not

6) J.M. Richardson and R.B. Riley, Nat. Bur. Standards (U.S.) Report 3580,

March, 1956.
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Sample holders

ments. - . o o

Samples placed dxrectly in the wave gu1de block and backed by a short

are d1f£1cult to remove. A more ;onvement methoed is to attach a s_horted

section of wave guide to the wave guide block, with the short containing a small

center hole, Tight fitting samples can then be inserted into and removed from

" the detached sample holder. The length,q‘f a typical sample holder is a mul- ~

tiple of X /2’ This length places the joint between wave gu1de block and sample
holder at a current maximum (for a sample -free guide) where the slightest

* :
fault in the joint would _d1sturb the width of the "air nodes“ and thus be noticeable.

—A joint at a current minimum point of the air nodes would be less critical for

‘measurements on the empty gulde, hence faqlty contact’ would not be easy to

: detect. However, wzth the insertion of a sample a.nd the correspondmg node

shxft. this faulty contact would introduce serious errors in the sample measure -

Special holders for high or low temperature measurements have gér{erai-
ly & longer electrical ,lengt'hr‘(S to 7 ).g/Z's) in order to be able to heat or cool
the sample while the SWI is kept near room temperature. A high-temperature
holder is shown in Fig. ll. - Above the heated section of the holder, a thermal
resistance is introduced by thmnr;ng the wave guide wall, The indicater end of
the holder is maintained at room temperature by a water jacket, while a re-
flecting shield above the holder prevents heat convection currents from |
reaching the SWI. Radiation losses are minimized by placing a mefal shield
around the heater insulation.

Because the amount of material required for a holder is smull at these

frequencies, it has become practical to build one from pure platinum. The

holder is heated by a platinum ribbon and temperature measured by a Pt vs,

* . . N . . . .
“"Air nodes'' are nodes in the standing-wave pattern without a sample in

the guide,
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Pt-10% Rh thermocouple. This holder has been used up to 1200°C, and with

minor chenges in design should pernut measurements as high as 1500°¢.

~ Performance

QOver 40 samples have beon measured on the 50-kMc dielectrometer

(Tavie 1), These measurements, with various tests, mdxcate the general per-
: forrﬁance limitations of the instrument. Relative dielectric constagjsw_r_a.nging
from 1 to 100 can be measured to | percent, and loss tangents to 5 percent or

-0, 0001 ‘whichever is larger,

The most serious problem encountered was the appearance of higher-

~ovder modes in the circular guide, All measuremer.xts' with the SWI take place

- —at ﬁogies in-the main field pattcrn., Even the slightest amount of higher-order

modes introduces errors in the readings. A circular guide is susceptible in .‘
particular to elliptical modes. In addition, a longitudinal slot of finite width |
in the guide upsets the current lines of fhe TEll dorﬁinant mode and introduces
a disturbance in the field paitern,

In spite of these difficulties the use of a circular guide is desirable for
two reasons: circular samples can be made inore easily and accurately than
rectangular ones; and the sample vross-sectional area is greater in the
circular guide, hence inaccuracies in sample fit are not as important.

A "matched' load test provides an indication of the mechanical qua.liiy
of the SWI (Fig. 12). Ildeally, if the probe would move longitudinally along the
axis uf the guide at a constant depth, the residual standing wave obtained by
fixing the position of a load and moving the probe would be a sine wave, and
a pattern very close to it is observed.

The longitudinal motion of the probe with respect to the slot can also be
checked visually with the aid of a microscope. For this purpose, _probe and

probe holder are removed from the carriage, and the wave guide block and
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Table |, Dielectric constant and loss data for 50 kMc

- 15 -

Materials k' tan & :ndO'4 ,
Crystals
Magnesiurn oxide 9.72 0.3
Lithium flucride - 8.73 2.6
Potassium bromide 4,79 2.2
Sodium chioride 5.83 4,8
Ceramics .
AlsiMag 243 5.72 10
AlsiMag 475 7.40 50
‘Bell Labs, F-66 6,25 12
- Ceramic N750T96 83.0 54
-Kearfott Alumina 3.3 0.1
Glasses _ :
Borosilicate glass 4,00 16,5
Corning 0010 5.72 137
0080 6.47 222
0090 7.66 127
0100 .81 101
0120 6.52 112
1710 5.68 86
: . 1990 8.19 63
T .1961 ~ —7.82" 401~
‘ 3320 4.63 85
7040 4,61 73
7050 4,74 88 .
[ 7082 _ _5.00 95 _
©- L7070 3.95 15
7740 4.4] 86
7900 3.77 13,8
8460 8.06 86
Phosphate glass 2043x 5.00 52
2279x 4,74 26
Fused quartz 3.75 2.0
Soda silicate glass
(9% Na,0, 91% SiO,) 4.90 158
Soda sizlicate glass :
(12% Na,O, 88% $i0;) 5,08 178
Plastics
Alathon 2 2.28 12
Bakelite BM-262 4,45 70
Bakelite BM-16981 4,50 56
Esso Paraffin 135°0AMP 2.25 13
Glass laminate 3.79 89
Hysol 6000 2.92 101
Kel-F 2,25 48
Lucite 2.57 59
Nylon FM i0, 001 2,97 71
Paraplex P-43 2,84 36
Rexoiite 1422 2.53 10.5
SE-450 (G.E.) 2.78 302
Stypol 16D 2,78 115
Teflon 1,97 3
Teflon laminate GB-112T 3.12 63
¥ The values given in this table are uncorrected for sample {it. As

a result, the accuracy in x "will -vary {rom 1/2 to 2%.
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Fi-g. 12. "Matched" load test. iiel‘ra’ﬁivve—sfrengtl; of
standing -wave pattern for fixed load., -

probe carriage are pléced undér ahbrrnicroscope “..vith the interior of the guide
illuminated. The slot can then bé observed through the probe-holder hole in
the carriage as it moves along its guide rods. The slot should at all times be
located in the center of the probe-holder hole. The probe can be accurately
centered with respect to the siot in this manner by trimming the V grooves.
Such high accuracy in centering is required if siots as narrow as 4 mils are
used with a2 1-mil probe,

The most significant electrical test is a measurement of the air-node
widths at several differentvncdes. | Although the slot itsel{ contains at most
3 nodes, the number of half wave lengths from the shorted end can be varied
by using different sample holders. If a perfect short at the end of the guidz
and a perfect joint bztween hoider and wave guide block exist, the air-node

widths are given only by the wave guide wall losses. It follows that the widths
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of consecutive nodes increasev .lirﬁearly with distance from the shorted end of
the guide. A simple calculation of the theorctical node width (see Appendix)
allows combarison with the actual values (Fig. 13). Day to day performance
of the instrument can Be chacked by measuring the air nodes, and, in general,
suéh Jrneasurements are a neczssary and-sufficient control, .

Another yardstick of instrument perAf.ormanceland 'capabilityr is -its ''sensi-
tivity! and corr.esponding figure of merit, Generally speaking, the precision of
the SWI is limited to the accuracy with wﬁich Ax;, the node width of the empty

guide, can be rneasured. The lLaboratory tor Insuiation Research7) has, for

40— " Theoretical curve
: 50% decrease in

conductivity.y

(74

-
&
-2 B B

&

©

Qe | |

¢ 20— Range of measured

T values -

< Theoretical curve’

iI00% of theoretical
e 'conducfiyify-

| | | [ D
0 2 a ) 8 10 12

No. of Xg/z from shorted end

Fig. 13. Theoretical and actual 2ir-node widths.

7) M.G. Raugen and W.B. Westphal, '""The Design of Equipraent for Measure-
ment of Dielectric Constant aad Loss with Standing Waves in Waveguides, "
N.D.R.C., Report XII, October, 1945, p. 5.
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Table 2. Sensitivity of v'a._i-ious standing -wave indicators. n is the number
of half wave lengths between probe and end of empty line; m, the
number of quarter wave lengths between probe and sample; a. the =~
width of the restangular guide; b, the height of the rectangular
guide; tan éwa' the losy tangent prouuced by the wall loss in the
_ empty guide; 56’ the sensitivity; and V, the volume of sample.,
Circular hollow guides
Frequency| Diameter | tan 8a S¢ S& % e for | Volume SéxV ~
-5
L n=2 n=4 5,=10 2
Mcs in, m=3 m=5 6. cm
9,500 0.870 000069 ,000515 e| - 1.94 2.21 .00il4d e
24,000 0.360 000099 | ;00059 =_ . 1. 45 0,147 | :000101 e
‘50,000 | 0,172 .000157| ,00110 e - 0.97 0.017 ;- 000019 e
" 50,000 0.172 "} 7000157 - 1.00043 ] 2.38 {' 0.085 | .000036 e
: Recf;ngular guides
Fréquency a b tan b e Sg % e for Volume SSxY
: » ) TR -
Mcs ‘in, in, —n=2 (8e=l0T o2
m=3 :
9,500 0.900 0.400 | ,000047 [.00028 ¢ | 3.57 1.26 . 00035 e
24,000 0.420 0,170 | .000062 |.00035e | 2.86 0.096 | .000034 e

comparison, defined the ''sensitivity' of an SWI as the error in the calculated

value of tan § for a given error e in the measurement of the node width ax_ .

It depends not only on the performance of the instrument prcper, expressed by

e, but on the dielectric constant and loss of the sample, its length and position

in the guide, and on the distance

between probe and sample,

Table 2 gives the "sensitivity Sé, " the minimum detectable loss tangent,

of the 50-kMc instrument for two sample thicingsses,

For purposes of com-
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parison, sensitivities arg.’tébulatéd for SW1's ysed at 10 and 25 kMc.

The product of 815' and V, the volume of the sample, is called "figure
of merit" of the instrument. It readily indicates the instrument best suited
for ra particular size sample, The. 50-kMc instrument has, for a particular
sample thickness, a betterrfjig-ﬁri-e of merit than any _other instrument l‘isted

in Table 2.

Future Work

To develop a more sensitive and stable dielectrorneter requires a more
sensitive .crystal detector; a superheterodyne pickup system; a frequency-

stab111zed osc111ator' and modulation of the oscillator tube by external means,

o fe exa.mple,_by a £e1:nte swﬂch or.a mechamcal chopper in the outcut guide..
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Calcu;ation of Theorotical Attenuation

Textoooks on electremagnétic theory such as Ramo and Whinnery

 ''Fields and Waves in Modern Radio" giv‘e‘ the basic formula for attenuation

in a circular guide as

Ry 1 | féz ‘ ' '
- Q ='EZ —--—---———2- | T +'0.42 ) . (3)

e

where R is the surface resxst.vxty, Zis tlie intrinsic xmpedance for free

space, and a is the radius vf wave guxde.b Let (\ /L =4 andl+ a=w und

recall that £c/£ = () /x )';1 and 1/x 1/). ) + (1/x ) Henic’e
e R T *2 LT 2 _ T ) i _
A A , S
e o c - looow , :
‘o A :

Therefore (fckf)z = u/@; alsof = ¢/\ = c/xo, where ¢ is the velocity of iight,

X;’, the free spacbe wave le’ngth XC, the cutoff wave length. and xg. the guide |

wave length. Also )s = {u/w)\ )‘:/w, and thus

/ - :
f.1/2=c‘1’-2: cl’/2 wl/4 : (5)
RIZZ o kI72 S L
° g :
s e ey ) -7 0/2
By substituting Eqs. (4) and (3) into (3) with R_=2. blx10 £ ohra for Cu;

Z = 377 ohms; and a = 2, 2i8 cin, -wve nhiain

_ 2. 61x1077 M2 G2y ) '

240,42 (6)

£le

(0.218) (377) x;/z

If, in addition, we use the actual values; )‘g =1.05 cm, xc = 0.745 cm, then
a = 1.282x10° nepers/cm.

This value of a can be used to determine a theoretical tan 6“,, the loss
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=1.44x10"° . A 50 per-

tangent caused by wall losses. It can be showng)' that tan § = — 2a3
s 5
(4w /kc} +Pp
‘ -3
where f = Zﬂ/)\g' Thus tan § = 2(1.282x10 )(5-98) 4

W (4m/0.745)° + (5.98)
cent decrease in conductivity, corresponding to a 22.4 percent increasc in R,
will increase tan 6w to 1. 77x10-4. Finally, for an air-filled guide, 8) Ax =

¢ . dw tan 6w‘ where d = distance from node to end of guide, always a multiple of

-4 o et o)
" N_/2. Ford=\_'2,ax/(\ [2) - 2.19x10 B (for 100% theoretica! conductivity) .
- B & g 2.68x10 (for 50% theoretical conductivity)

.8) W.B. Westphal, "Techniques and Calculations Used in Dielectric Mcasure-
ments on Shorted Lines, ' N.D.R.C. Report IX, 1945, pp. 12 and 32.
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